In men, prostate cancer is one of the most frequent types, and radiotherapy is adopted as a form of treatment. Although there are efforts to minimize the dose in the healthy organ and tissues adjacent to the tumor during radiotherapy, these organs are affected by the secondary scattered and leakage radiation originating from the therapeutic beam and these doses deposited in the healthy organs, can induce the appearance of new focal points of cancer. The aim of this study is to calculate the equivalent and effective doses, due to photons and neutrons, in healthy organs of a patient submitted to radiotherapy treatment for prostate cancer. Computed simulation of radiotherapy treatment for prostate cancer was used to perform the dose calculations, adopting the treatment protocol used at INCA (Brazilian National Cancer Institute). The MCNPX code was employed in the simulation radiation transport while the male voxel MAX phantom was used to represent the patient's human anatomy. The results obtained in this study indicate that the organs close to the irradiated region are predominantly affected by the dose due to photons, with an impact on organs from different systems of the body, such as the bladder, colon, and testicles, besides bone structures such as the femur, pelvis and spinal column. The results obtained from the doses deposited due to neutrons suggest that tibia and fibula, mandible, cranium, brain and thyroid, had the highest dose deposited due to neutrons in relation to photons. The result obtained from the effective dose was 31.47 mSv due to photons, while the dose due to neutrons was 0.42 mSv. Note that the effective dose due to photons is significantly higher than the effective dose due to neutrons. The values calculated in this study were compared with the experimental values obtained in the literature, presenting reasonable concordance. Additionally, as described in the literature, it was verified that the dose due to photons decreases considerably with the increase in the distance of the target organ, while the dose due to neutrons is distributed homogeneously in the organs. It is concluded that the contribution of neutrons to the appearance of secondary cancers is more relevant in the organs furthest from the target volume, and that organs close to the tumor, are affected predominantly by the dose due to photons.
Introduction
Cancer is the uncontrolled growth and spread of cells. It can affect almost any part of the body. The growths often invade surrounding tissue and can metastasize to distant sites [1] . According to the National Cancer Institute (INCA), it is estimated that in Brazil alone, 60,180 new cases of prostate cancer will appear in the year 2012 [2] . Men diagnosed in the initial stage can achieve greater success in the treatment, as there are various types of treatment to be adopted, such as prostatectomy, chemotherapy and radiotherapy (teletherapy, and bractherapy) [3] .
One of the procedures used most often in prostate cancer treatment, is radiotherapy, in the form of teletherapy. This treatment is based on the use of radiation, through a photon beam collimated according to the size and volume to be treated. This treatment aims to deliver the maximum dose of radiation to the tumor volume, minimizing the dose in the adjacent healthy organs and tissues [4] . Nowadays one of the equipment used most often in these procedures is the Linear Accelerator.
Although there are efforts to minimize the dose in the healthy organ and tissues adjacent to the tumor during radiotherapy, these organs are affected by the secondary scattered and leakage radiation originating from the therapeutic beam [3, 5, 6] . This fact associated with the increase in the life expectancy of the world population has provoked an increase in the risk of developing secondary cancers [2, 7] . Some studies carried out demonstrated, for example, that patients submitted to radiotherapy for prostate cancer can develop several kinds of secondary cancers [6] especially in the rectum and in the bladder [8] [9] [10] [11] . Although there are studies that demonstrate an increase in the risk of appearance of secondary cancers due to the prostate cancer radiotherapy treatment, as yet there are few studies that estimate the absorbed dose in the organs and tissues adjacent to the tumor during treatment.
Considering the foregoing, the objective of this study is to estimate the equivalent dose and effective dose during treatment for prostate cancer, due to photons and neutrons using simulations with the Monte Carlo MCNPX code. For the performance of the study, we will consider the treatment protocol used at the National Cancer Institute which is the center of reference in cancer treatment in Brazil. With the purpose of making the calulations more realistic, the head of the Varian 2300CD linear accelerator and the radiotherapy room will be considered in the simulation. The male voxel MAX will be used to represent the patient's body [12] .
Computer Modeling

MCNPX Code
Version 2.5.0 of the Monte Carlo MCNPX code was used in this study to simulate radiation transport. MCNPX enables the simulation of several types of radiation, such as photons, electrons and neutrons. Moreover, it is able to simulate varied types of interaction (incoherent and coherent scattering, fluorescent emission after photoelectric absorption, pair production with local emission of annihilation photons and bremsstrahlung, production of photoneutrons) [13, 14] , and the secondary radiations arising from the interactions of a type of radiation with a particular material. In this study the types of radiation of interest simulated were photons, electrons and neutrons.
The production of photoneutrons occurs when highenergy photons, above 6.7 MeV [15, 16] , interact with structures of the head of the linear accelerator. Consequently, these neutrons contribute to the deposition of an additional dose in patients submitted to treatments with energy beams from 10 to 18 MeV. Therefore, the simulation of photoneutrons was necessary in view of the fact that there is contamination of the treatment environment, originating from the interaction of high-energy photons with materials present in the collimator jaws and Multileaf Collimator (MLC), in the head of the Varian 2300CD Linear Accelerator, mainly tungsten.
System Modeling
The head of the Varian 2300CD Linear Accelerator and the radiotherapy room used in this study were developed and validated previously by our research group [17] . Figure 1 presents the room and the accelerator head model considered in this study. To represent the patient during the simulations, the MAX phantom without the forearm was inserted inside the radiotherapy room, with the prostate in the isocenter position at a distance of 100 cm from the focal point of the accelerator. In this study the forearm of the MAX phantom was removed to prevent it from being an attenuating structure in the projections of incidence of the lateral therapeutic beams at the angles of 90˚ and 270˚ during the treatment simulation.
Treatment Protocol
The treatment protocol used in this study is the same adopted by INCA, one of the main centers of reference in cancer treatment in Brazil. Various types of cancer are treated at INCA, including prostate cancer, the focus of this study.
Four gantry tilt angles are used in the treatment protocol for prostate cancer, as described in Table 1 . The prostate is positioned at the isocenter (0,0,0), located at a source-surface distance of 100 cm, with Linac 2300 operating at 18 MV, thus producing photoneutrons. The usual therapeutic dose adopted in the treatment is 74 Gy, with dose segmentation and variation of the gantry tilt angle (2 anteroposterior and 2 lateral fields). These tilt angles were determined according to the anatomical positioning of the organs.
The organs have irregular formats and varied sizes, for which reason we use different field sizes. These field sizes are determined by the opening of the collimator jaws and MLC, varying according to the gantry tilt angle, whereas the values of field sizes used are presented in Table 1 . In addition, other reference centers use a similar treatment protocol, adopting the same gantry tilt angles, as described in the literature [18] . 
Calculations of the Doses Due to Photons and Neutrons
In this study we analyzed the contributions of dose due to photons and due to neutrons separately for the four gantry tilt angles.
Simulation of Radiotherapy Treatment for Prostate Cancer, in the Calculation of Dose Due to Photons
To estimate the absorbed dose in the patient's organs due to photons, the energy deposited by radiation in the organs and tissues of the MAX voxel phantom was obtained using MCNPX. It is possible to obtain the energy deposited in a set of voxels that form an organ or tissue of the phantom. The obtainment of the absorbed dose was achieved by dividing the energy deposited in the organ or tissue by its respective mass value (m), according to the equations below [19] [20] [21] 
where m is the mass of the organ or tissue for which we wish to estimate the absorbed dose.
Simulation of Radiotherapy Treatment for Prostate Cancer, in the Calculation of Dose Due to Neutrons
To estimate the absorbed dose in the patient's organs due to neutrons, the energy deposited by radiation in the organs and tissues of the MAX voxel phantoms was obtained using the MCNPX. It is possible to obtain the energy deposited by unit of mass in a set of voxels that form an organ or tissue of the phantom, thus providing the deposited dose. To obtain the equivalent dose in the Sv unit, the result obtained through MCNPX (MeV/g) was multiplied by the factor equal to 1.602×10 -10 .
Calculation of the Equivalent Dose Due to
Photons and Neutrons The radiation weighting factors of ICRP 103 [22] were considered in calculating the equivalent dose due to photons and neutrons.
Considering that the weighting factor due to photons is equal to one (1), the calculation of the equivalent dose due to photons was calculated by multiplying the absorbed dose in an organ or tissue by one (1). To calculate the equivalent dose due to neutrons we considered the weighting factor curve presented in Figure 2 .
As can be seen in Figure 2 , the radiation weighting factors due to neutrons vary with the energy. Thus, each absorbed dose obtained for each energy interval was multiplied by the corresponding w R . At the end, adding up all the doses separated by interval, already weighted by the w R , we obtain the equivalent dose for neutrons by angle in the organ in question.
In this study the equivalent doses due to photons and neutrons were calculated for each treatment angle. To obtain the total equivalent dose for each type of radiation the dose values of the four treatment angles were added together.
All the dose values provided in this study were estimated considering mSv per unit Gy of absorbed dose in
Results and Discussion
Equivalent dose
The calculated values of equivalent dose (H) for photons and neutrons will be presented separately in this study, with detailing of the values by angle and total. Table 2 and Figure 3 present the values of equivalent dose due to photons for each treatment angle and for the complete treatment. The dose values presented were calculated considering the absorbed dose in the prostate due to photons of 1 Gy. Table 2 shows that the total equivalent dose deposited in the organs varied from 723.79 to 0.10 mSv/Gy. This variation verified in the equivalent dose due to photons is attributed to the distance from the healthy organs to the treated volume (prostate region), Figure 3 . It was also verified that the rectum was the organ that received the highest dose, 723.39 mSv/Gy, and that the irradiation at the angle of 180˚, contributed with about 30.31% of the dose value. The bladder, another organ close to the prostate, also presented considerable values of equivalent dose, while the anteroposterior and posteroanterior angles (0˚ and 180˚) contributed most to the dose, corresponding to 62.36%. It is also interesting to note that for the femur, the irradiations at the lateral angles (90˚ and 270˚), contributed predominantly (about 99.11%) to the dose values presented. This is expected since at the lateral angles the femoral head anatomically precedes the prostate. Moreover, it was observed that the pelvis presented significant dose values (214.49 mSv/Gy).
Equivalent Dose Due to Photons
Organs such as the colon and testicles also received considerable dose values yet lower than those of the organs closer to the irradiation region. It was also verified that the dose values were lower for the organs located in the extremity of the body, with the brain and thyroid having presented the lowest values of equivalent dose due to photons, Figure 3. Table 3 presents the values of the equivalent doses due to neutrons. And Figure 4 graphically demonstrates the values of some organs.
Equivalent Dose Due to Neutrons
The values of dose due to neutrons were calculated considering 1 Gy of absorbed dose in the prostate due to photons. Comparing the equivalent dose values presented in Tables 2 and 3 , it can be seen that the total equivalent dose due to neutrons is significantly lower than the equivalent dose due to photons. Furthermore, through Figures 3 and 4 we can observe that the equivalent dose varies according to the gantry tilt, and we also note a different behavior in relation to the distribution of values of equivalent dose due to photons and neutrons. The values of equivalent dose due to neutrons did not decrease with the increase in the distance between the organ and the treated volume. The tibia and fibula received the total dose of 2.21 mSv/Gy, a value approximately 10 times greater than the equivalent dose due to photons. It can also be seen that the mandible and cranium received 1.60 and 0.83 mSv/Gy, approximately 16 and 5 times greater than the total dose due to photons, respectively. The brain and the thyroid also presented higher values of equivalent dose due to neutrons when compared with the values of dose due to photons. Moreover, it is interesting to note that nearby organs and bone structures were also affected by the deposition of neutrons, not receiving such high doses as that of photons. In analyzing Table 3 , also note that the equivalent dose in the lens of the eyes due to neutrons is not negligible (about 0.58 mSv/Gy), different from that observed when analyzing the dose in this organ due to photons. Figure 5 contains a comparison of the total equivalent dose deposited due to photons and to neutrons. Through this figure it can be seen that some bone structures and some organs, such as the brain, thyroid were the most affected by the dose due to neutrons in relation to photons. We also noted a more homogeneous dose deposition due to neutrons, when compared with the distribution of equivalent dose due to photons.
Comparison of Results Obtained with Those from the Literature
The results obtained in this study were compared with those obtained experimentally by Howell [23] . This comparison is presented in Table 4 . Table 4 shows us that the equivalent dose values obtained in this study presented behaviors similar to those obtained by Howell [23] . The values of equivalent dose in the bladder, colon, testicles, liver, stomach and lung are higher due to photons, while the values of equivalent dose in the thyroid are higher due to neutrons.
As regards the equivalent dose values, it can be seen that, although the values obtained in both studies present the same order of magnitude, there isn't a difference in terms of magnitude. This difference can be explained due to the dosimetry point defined experimentally by Howell [23] . Experimentally the absorbed dose is calculated specifically using thermo luminescent dosimeters, and not in the organ as a whole (mean value deposited in the organ or tissue) as is the case in the simulation. Considering that the dose varies specifically inside the organ according to its proximity to the treated volume, it is concluded that this may be the probable cause of the difference between the values found in this study and obtained experimentally by Howell [23] . dence of the beam at the anteroposterior angle has the greatest impact on healthy organs adjacent to the tumor.
Effective Dose
In this study it was also verified that both the magnitudes and the distributions of doses vary with the type of radiation. The values of doses in the healthy organ due to neutrons are significantly lower than those due to photons. As regards the distribution of the doses due to photons, it is observed that the healthy organs closer to the treatment region present higher values. With the increase in distance between the healthy organ and the treatment volume, there is a progressive decrease in the values of dose due to photons. This does not apply to neutrons, as the distribution of doses due to neutrons does not vary significantly with the increase in distance between the healthy organ and the treatment volume.
The results obtained from the effective dose considering the tissue weighting values described in ICRP 103 were 31.47 mSv due to photons, while the dose due to neutrons was 0.42 mSv. Note that the effective dose due to photons is significantly higher than the effective dose due to neutrons.
Conclusions
In the present study it was verified, as already expected, that the organs close to the treatment region (rectum, bladder, femur and pelvis) present higher values of dose due to photons. It was also verified that the distributions of the values of doses deposited in the organs vary with the angle of incidence of the radiation beam. The inciMoreover, this study also showed that MCNP is a powerful tool for the simulation of radiotherapy treatment for prostate cancer. Because it simulated altogether, a standard man phantom, the head of the Varian 2300CD linear accelerator, with its structural components, inserted inside a radiotherapy room, the latter with dimensions and structural components used in the real environment and the variation of the gantry tilt angle, with respective alteration of the field sizes of the therapeutic beam according to the treatment angle.
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